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SUMMARY 
To appraise the performance of the Near surface mounted (NSM) technique with carbon fiber 
reinforced polymer (CFRP) laminates for the shear strengthening of reinforced concrete (RC) beams 
having a certain percentage of existing steel stirrups, an extensive experimental research was carried 
out. The influence on the effectiveness of the NSM shear strengthening technique of the following 
parameters was investigated: the concrete strength; the percentage of existing steel stirrups; the 
percentage and orientation of the CFRP laminates. To evaluate the influence, on the strengthening 
effectiveness, of already existing cracks when a beam is shear strengthened with NSM CFRP 
laminates, some of the RC beams were pre-cracked prior to their strengthening. A detailed description 
of the carried out experimental research and a discussion of the obtained results are done in the 
present paper. 
 
 
1. INTRODUCTION 
Near surface mounted (NSM) with carbon fiber reinforced polymer (CFRP) laminates is a technique 
that can be used for the shear strengthening of reinforced concrete (RC) beams. This technique 
involves the installation of narrow strips of CFRP laminates, of rectangular cross section, into thin slits 
open on the concrete cover of the lateral faces of the beams. The laminates were bonded to concrete by 
an epoxy adhesive. 
 
Experimental research has demonstrated that the NSM technique provides higher strengthening 
effectiveness than the Externally Bonded Reinforcing (EBR) technique with CFRP [1, 2]. This fact is 
derived from the larger ratio between the CFRP-concrete bond perimeter and the cross sectional area 
of the CFRP element in case of NSM, and is also caused by the confinement provided by the 
surrounding concrete to the CFRP laminate [2, 3]. A further advantage of the NSM technique is its 
ability to significantly reduce the probability of harm resulting from acts of vandalism, mechanical 
damages and aging effects. When NSM is used, the appearance of a structural strengthened element is 
practically unaffected by the strengthening intervention. 
 
The effectiveness of the NSM technique with CFRP laminates for the shear strengthening of RC 
beams with a certain percentage of existing steel stirrups was assessed by experimental research. Four 
series of tests with T cross section RC beams were executed with the purpose of evaluating the 
influence of the following parameters on the effectiveness of the NSM shear strengthening technique: 
concrete strength; percentage of existing steel stirrups; percentage and inclination of the CFRP 
laminates; existence of cracks when the RC beams are shear strengthened with NSM CFRP laminates. 
A detailed description of the carried out experimental research, and a discussion of the obtained results 
are done in the present paper. 
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2. EXPERIMENTAL PROGRAM 
 
The experimental program is composed of four series of RC beams (series A [4], B [5], C [6] and D 
[7]). Fig. 1 represents the T cross section geometry and reinforcement detailment for each series, as 
well as the longitudinal geometry, loading configuration and support conditions. The three point beam 
bending tests (Fig. 1) were carried out using a servo closed-loop control equipment, taking the signal 
read in the displacement transducer (LVDT), placed at the loaded section, to control the test at a 
deflection rate of 0.01 mm/second. The general information of the tested series of beams is represented 
in Table 1. The adopted reinforcement systems were designed to assure shear failure mode for all the 
tested beams. To avoid shear failure in the Lr beam span (Fig. 1), in this span was applied steel stirrups 
of 6 mm diameter spaced at 75 mm (φ6@75mm) in series A, B and C, and steel stirrups of 8 mm 
diameter spaced at 80 mm (φ8@80mm) in series D. For each series, the differences between the tested 
beams are restricted to the shear reinforcement systems applied in the Li beam span. As schematically 
represented in Fig. 1, the laminates were distributed along the AB line, where A represents the beam’s 
support at its “test side” and B is obtained assuming load degradation at 45º. 
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Figure 1: General information about the tested RC beams (dimensions in mm). 
 
Table 1: General information about the series of the tested RC beams. 
Series ρsl [%] 
fcm 
[MPa] 
ρsw 
[%] (1) 
ρf  
[%] 
θf 
[º] Li/d 
A 2.9 31.1 0.10 (φ6@300) 
0.06 
90 45 60 2.5 0.09-0.10 
0.13-0.16 (2) 
B 2.8 39.7 
0.10 
(φ6@300) 
0.07-0.08 
90 45 60 2.5 
0.11-0.13 
0.16-0.19 (3) 
0.17 
(φ6@180) 
0.07-0.08 
0.11-0.13 
C 2.8 18.6 
0.10 
(φ6@300) 
0.07-0.08 90 45 60 
2.5 0.11-0.13 0.17 
(φ6@180) 
0.07-0.08 45 60 0.11-0.13 
D 3.1 59.4 
0.10 
(φ6@300) 
0.07-0.08 90 45 60 
3.3 0.11-0.13 0.16 
(φ6@200) 
0.07-0.08 45 60 0.11-0.13 
(1)
 For each series and for each percentage of steel stirrups it was tested a reference beam without CFRP. (2) The highest percentage of 
CFRP was designed to provide a maximum load similar to the one of the RC reference beam reinforced with a reinforcement ratio of steel 
stirrups ρsw = 0.24% in the shear span Li [4]. (3) The highest percentage of CFRP was designed to provide a maximum load similar to the one 
of the RC reference beam reinforced with a ρsw = 0.28% in the shear span Li [5]. 
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A general analysis of the data of Table 1 shows that the tested beams had percentages of longitudinal 
tensile steel bars (ρsl) around 3% and had percentages of steel stirrups (ρsw) ranging between 0.10% 
and 0.17%. In terms of concrete, three types were basically used: concrete of low strength (fcm = 
18.6 MPa, where fcm is the average concrete compressive strength at the age of the beams tests), 
concrete of medium strength (fcm = 31.1/39.7 MPa) and concrete of high strength (fcm = 59.4 MPa). 
Three orientations of the laminates with respect to the beam axis (θf - see Fig. 1) were tested (θf = 90º - 
vertical laminates; θf = 45º - laminates at 45º; θf = 60º - laminates at 60º), and the levels of the CFRP 
percentage (ρf) analyzed ranged between 0.06% and 0.19%. The monitored beam span (Li) was 2.5 
times the effective depth of the beam (Li/d=2.5) for series A, B and C and 3.3 times the effective depth 
of the beam (Li/d=3.3) for series D. To evaluate the influence, on the strengthening effectiveness, of 
already existing cracks when a beam is shear strengthened with NSM CFRP laminates, in series D 
some of the RC beams were pre-cracked prior to their strengthening. 
 
CFK 150/2000 S&P laminates were used in the present experimental research. In series A the 
laminates had a cross-section of 1.4×10 mm2, while in the other three series the laminates had a cross-
section of 1.4×9.5 mm2. For each series of the tested beams, the average values of the young modulus, 
Ef, and the strain at failure, εfu, of the adopted laminates are indicated in Table 2.  
 
To apply the CFRP laminates using NSM technique, the following procedures were executed: 1) using 
a diamond cutter, slits of about 4-5 mm width and 12-15 mm depth were opened on the concrete cover 
(of about 22 mm thickness) of the lateral faces of the beam web, according to the pre-defined 
arrangement for the laminates (the laminates were not anchored to the beam flange; they were 
restricted to the beam web); 2) the slits were cleaned by compressed air; 3) the laminates were cut with 
the desired length and cleaned with acetone; 4) the epoxy adhesive was produced according to the 
supplier recommendations; 5) the slits were filled with the adhesive; 6) a layer of adhesive was applied 
on the faces of the laminates; and 7) the laminates were inserted into the slits and adhesive in excess 
was removed. The effectiveness of the NSM technique is highly dependent of the quality of the 
execution of the strengthening procedures. Taking the experience of the authors in the application of 
the CFRP laminates according to the NSM technique on RC beams, the basic procedures to assure a 
rigorous quality control in all steps of the CFRP application are indicated in Fig. 2. 
 
SLITS EXECUTION
Assure the direction and the dimensions of the slits (width and depth)
Assure that the longitudinal and transversal steel reinforcement are not injured
PREPARATION OF THE MATERIALS FOR STRENGTHENING APPLICATION
Preparation of epoxy adhesive (assure the percentage of its components and mixture mode)
The laminate is cut with de desirable length
Removable of the adhesive in excess 
Introduction of the laminate into the slit
Painting, shotcrete,....(for e.g. aesthetics, U.V. and fire protection)
FINISHING (OPTIONAL)
QUALITY CONTROL (BEFORE, DURING AND AFTER APPLICATION)
On the supplied materials (standard tests in CFRP and adhesive)
On the application conditions (environmental conditions, pot life of the adhesive)
During the application (number of laminates, bond and voids)
CFRP APPLICATION
Adhesive application on the faces of the laminate
Adhesive application into the slit
The laminate is cleaned with acetone
Concrete should be dry and without residues (application of compressed air)
 
Figure 2: Steps of the application of CFRP laminates using the NSM technique. 
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3. ANALYSIS OF THE EXPERIMENTAL RESULTS 
 
3.1 General behavior of a RC beam shear strengthening with NSM CFRP laminates and the 
effect of pre-craks 
Fig. 3a shows the typical relationship between the applied load and the deflection of the loaded 
section, F-u, for a RC beam shear strengthened with NSM CFRP laminates and for the corresponding 
reference beam. Up to the formation of the shear crack in the reference beam both beams have quite 
similar F-u relationship. At this deflection limit the reference beam presented an appreciate decrease in 
the stiffness, which did not occur in the strengthened beam. In this beam a significant decrease in the 
stiffness only occur for a load level much higher than the one corresponding to the shear crack 
formation in the reference beam. Therefore, for deflections above the deflection corresponding to the 
formation of the shear crack in the reference beam, the stiffness of the strengthened beam is much 
higher than the stiffness of the reference beam. In general the values of the deflection at the loaded 
section in correspondence to the maximum load (Fmax) of the strengthened RC beams ( CFRPFmaxu ) were 
higher than those occurred in the corresponding reference beams ( refFmaxu ). 
 
Fig. 3b shows the F-u relationship for the NSM beams with ρsw = 0.10%, where the only difference 
between them is restricted to the presence, or not, of pre-cracks when the strengthening intervention is 
applied (the F-u of the reference beam 3S-R-D is also included in Fig. 3b). The main difference 
between the behavior of strengthened beams with or without pre-cracks resides in an expected loss of 
initial stiffness in the pre-cracked specimens (up to the maximum load applied in the pre-cracking test 
that was about 240 kN). In the beams with pre-cracks the mobilization of the CFRP laminates started 
just after the opening process of the pre-cracks, while the mobilization of the CFRP laminates in the 
non pre-cracked beams only occurred when the shear crack has formed. However, the pre-cracking did 
not affect the efficacy of the NSM shear strengthening technique in terms of load carrying capacity 
and ultimate deflection. 
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Figure 3: a) Behavior of RC beam shear strengthened with NSM CFRP laminates (comparison with 
the behavior of the corresponding reference RC beam); b) the effect of the pre-cracks. 
 
3.2 Failure modes of the NSM shear strengthened beams with CFRP laminates 
As was expected, all of the tested beams failed in shear in the span Li. Three types of failure modes 
have essentially occurred in the NSM shear strengthened beams with CFRP laminates. In the first, 
which occurred essentially in the beams of series A, B and C, the laminates failed by concrete fracture, 
having the concrete become adhered to the detached laminates. In the beams with the highest 
percentage of CFRP the critical failure mode is governed by a group effect of the laminates that 
consists on the premature detachment of a concrete layer that includes the laminates. The second 
failure mode is characterized by the sliding of CFRP laminates (interface between the CFRP and the 
adhesive) crossing the shear failure crack. This failure mode was observed in some beams of series D. 
a) b) 
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In this series also occurred the third failure mode: the rupture of the CFRP. The global analysis of the 
failure modes of the tested beams with CFRP laminates indicates that the efficacy of NSM technique 
for the shear strengthening of RC beams increases with the concrete strength. 
 
3.3 Contribution of the CFRP for the shear resistance of the beams (Vf) and evaluation of the 
effective strain of the CFRP (εfe) 
The influence on the effectiveness of the NSM shear strengthening technique with CFRP laminates of 
parameters like concrete strength class, percentage of existing steel stirrups, percentage and orientation 
of the laminates will be assessed in terms of the contribution of the laminates for the shear resistance 
of the beam (Vf). The effective strain in the laminates (εfe), which corresponds to the level of 
mobilization of the CFRP when the strengthened RC beam reaches its shear capacity, was also 
registered and was used as an indicator of the NSM strengthening effectiveness. The shear resistance 
of a strengthened beam (Vt) was obtained considering the value of Fmax and taking into account the 
force equilibrium equation (Vt = 0.6 Fmax for the beams of series A, B and C; Vt = 0.5 Fmax for the 
beams of series D). For each of the 49 shear strengthened beams tested in the present experimental 
research, Table 2 presents the values of Fmax and Vt.  
 
The shear capacity contributed by the CFRP (Vf) was obtained by subtracting the shear resistance of 
the reference beam (Vref.) from the shear resistance of the strengthened beam (Vt): 
Vt = Vref. + Vf (1) 
In this approach it is assumed that the steel stirrups give the same contribution in the strengthened and 
in the corresponding reference beams. This assumption did not occur in some of the tested beams, 
since when these strengthened beams were compared to the corresponding reference beams it was 
observed a different level of mobilization of the steel stirrups. Fig. 4 presents two strengthened beams 
of series A (2S-5LI45-A and 2S-8LI45-A) where the contribution of steel stirrups for the shear 
resistance of the beams was less than the one occurred in the reference beam without CFRP (2S-R-A).  
 
   
 
2S-8LI45-A 2S-R-A 2S-5LI45-A 
Figure 4: Mobilization of steel stirrups crossing the shear failure crack: a) 2S-R-A reference beam, b) 
2S-5LI45-A and 2S-8LI45-A strengthened beams. 
 
In the reference beam 2S-R-A two steel stirrups (stirrup 1, closest to the support, and stirrup 2 closest 
to the loaded section - see Fig. 4) crossed the shear failure crack in the web of the beam, and both 
contributed for the shear force transfer between the faces of this crack. In beams 2S-5LI45-A and 2S-
8LI45-A the diagonal shear failure crack was only crossed by one steel stirrup (stirrup 1 in Fig. 4) in 
the web of the beam. In beam 2S-5LI45-A the stirrup 2 was intercepted after the above mentioned 
crack has progressed through the transition zone between the web and the flange (Fig. 4). Therefore, it 
is reasonable to assume that the level of mobilization of the stirrup 2 when 2S-5LI45-A beam has 
reached its maximum capacity was lower than the level of mobilization of the stirrup 2 on the 
reference beam at its failure. In this respect, the beam 2S-8LI45-A had a behavior similar to the beam 
2S-5LI45-A. However, in this beam the distance between the section when the shear crack intercepted 
the web/flange transition zone and the stirrup 2 was higher than in the case of beam 2S-5LI45-A. 
Considering these evidences it is reasonable to admit that the contribution of the stirrup 2 in the 2S-
8LI45-A for the resistance to the shear failure crack was marginal.  
 
The occurrence just described in the beam 2S-5LI45-A was also observed in the beams 2S-3LV-A, 
2S-5LV-A, 2S-8LV-A, 2S-5LI60-A, 2S-7LI60-A, 2S-7LV-B, 2S-10LV-B, 2S-7LV-C, 3S-10LV-D, 
3S-5LI45-D, 3S-9LI45-D, 3S-5LI60-D, 3S-8LI60-D and 3S-5LI45F2-D. The occurrence described in 
Stirrup 1 Stirrup 2 Stirrup 1 Stirrup 2 Stirrup 1 Stirrup 2 
a) b) 
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the beam 2S-8LI45-A was also observed in the beams 2S-3LI45-A and 3S-6LV-D. In order to take 
into account the different level of mobilization of the steel stirrups in the strengthened and in the 
corresponding reference beams it was assumed for the case of beam 2S-5LI45-A that the stirrup 2 has 
contributed 50% of its full capacity (yielded). For the case of the beam 2S-8LI45-A it was assumed 
that the stirrup 2 did not contribute for the resistance of the shear failure crack. 
 
Table 2 presents the values of the contribution of the CFRP laminates for the shear resistance of the 
tested beams, Vf, considering the equation (1), which is designated as scenario A, and the values of Vf  
assuming the inferior contribution of steel stirrups in some strengthened beams, in agreement with the 
strategy described previously, that correspond to the scenario designated by B. 
 
The force resulting from the tensile stress in the CFRP laminates crossing the shear failure crack ( fF ) 
is defined as, 
fefvff fAnF ××=  (2) 
where fef
 
is the effective stress in the laminates and is obtained multiplying the elastic modulus of the 
CFRP, Ef, by the effective strain, εfe. In equation (2) fvA  is the cross sectional area of a “CFRP stirrup” 
that is formed by two lateral laminates: 
fffv ba2A ××=  (3) 
where af and bf  are the dimensions of the laminate cross section. The number of laminates crossed by 
the shear failure crack (nf) is obtained by the equation (4) where wh  is the web depth of the beam 
(equal to the length of vertical laminates), α  is the orientation of the shear failure crack, fθ  is the 
inclination of the laminates with respect to the beam axis, and sf is the spacing of laminates (Fig. 5). 
 
(cotg α + cotg θ
α
Shear crack
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Figure 5: Data for the analytical definition of the effective strain of the CFRP. 
 ( )
f
fw
f
s
θgcotαgcoth
n
+×
=  (4) 
The vertical projection of the force fF  is the contribution of the CFRP to the shear resistance of the 
beam (Vf):  
fff θsinFV ×=  (5) 
Considering the equations (2) to (5), the value of Vf  can be obtained from: 
( ) ffffe
f
fv
wf θsinθgcotαgcotEε
s
A
hV ×+××××=  (6) 
and, consequently:  
( )








×+×××= fff
f
fv
wffe θsinθgcotαgcotE
s
A
hVε  (7) 
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Adopting the values of Vf associated to the above mentioned scenario B and considering for the 
inclination of the shear failure crack an angle of 45º ( α =45º), it was obtained, for each shear 
strengthened beam, the value of the effective strain of the CFRP (εfe) indicated in the last column of 
the Table 2. 
 
Table 2: Experimental results of the 49 beams shear strengthened with NSM CFRP laminates. 
Beams ρsw               [%] 
ρf 
[%] 
Ef 
[GPa] 
εfu               
[‰] 
θf 
[º] 
sf 
[mm] 
maxF                 
[kN] 
tV              
[kN] 
fV               
[kN] (1) 
fV                 
[kN] (2) 
εfe                
[‰] 
Se
rie
s 
A
 
(f c
m
 
=
 
31
.
1 
M
Pa
) 2S-3LV-A 0.10 0.06 166.6 17.7 90 267 316.0 189.6 0.6 15.7 2.99 
2S-5LV-A 0.10 0.10 166.6 17.7 90 160 357.0 214.2 25.2 40.3 4.60 
2S-8LV-A 0.10 0.16 166.6 17.7 90 100 396.0 237.6 48.6 63.7 4.55 
2S-3LI45-A 0.10 0.06 166.6 17.7 45 367 328.0 196.8 7.8 37.9 7.04 
2S-5LI45-A 0.10 0.10 166.6 17.7 45 220 384.0 230.4 41.4 56.5 6.28 
2S-8LI45-A 0.10 0.16 166.6 17.7 45 138 382.0 229.2 40.2 70.3 4.90 
2S-3LI60-A 0.10 0.06 166.6 17.7 60 325 374.0 224.4 35.4 35.4 6.02 
2S-5LI60-A 0.10 0.09 166.6 17.7 60 195 392.0 235.2 46.2 61.3 6.25 
2S-7LI60-A 0.10 0.13 166.6 17.7 60 139 406.0 243.6 54.6 69.7 5.07 
Se
rie
s 
B
 
 
(f c
m
 
=
 
39
.
7 
M
Pa
) 
2S-4LV-B 0.10 0.08 170.9 16.0 90 180 337.4 202.4 20.2 20.2 2.66 
2S-7LV-B 0.10 0.13 170.9 16.0 90 114 374.1 224.5 42.2 57.5 4.81 
2S-10LV-B 0.10 0.18 170.9 16.0 90 80 397.5 238.5 56.2 71.5 4.20 
2S-4LI45-B 0.10 0.08 170.9 16.0 45 275 392.8 235.7 53.4 53.4 7.61 
2S-7LI45-B 0.10 0.13 170.9 16.0 45 157 421.7 253.0 70.7 70.7 5.76 
2S-10LI45-B 0.10 0.19 170.9 16.0 45 110 446.5 267.9 85.6 85.6 4.88 
2S-4LI60-B 0.10 0.07 170.9 16.0 60 243 386.4 231.8 49.6 49.6 6.46 
2S-6LI60-B 0.10 0.11 170.9 16.0 60 162 394.4 236.6 54.4 54.4 4.73 
2S-9LI60-B 0.10 0.16 170.9 16.0 60 108 412.7 247.6 65.3 65.3 3.79 
4S-4LV-B 0.17 0.08 170.9 16.0 90 180 424.5 254.7 31.9 31.9 4.21 
4S-4LVa-B 0.17 0.08 170.9 16.0 90 180 439.2 263.5 40.7 40.7 5.37 
4S-7LV-B 0.17 0.13 170.9 16.0 90 114 427.4 256.4 33.6 33.6 2.81 
4S-4LI45-B 0.17 0.08 170.9 16.0 45 275 442.5 265.5 42.7 42.7 6.08 
4S-7LI45-B 0.17 0.13 170.9 16.0 45 157 478.1 286.9 64.0 64.0 5.21 
4S-4LI60-B 0.17 0.07 170.9 16.0 60 243 443.9 266.3 43.5 43.5 5.67 
4S-6LI60-B 0.17 0.11 170.9 16.0 60 162 457.6 274.6 51.7 51.7 4.50 
Se
rie
s 
C 
 
(f c
m
 
=
 
18
.
6 
M
Pa
) 
2S-7LV-C 0.10 0.13 174.3 16.3 90 114 273.7 164.2 28.3 43.6 3.57 
2S-4LI45-C 0.10 0.08 174.3 16.3 45 275 283.0 169.8 33.9 33.9 4.74 
2S-7LI45-C 0.10 0.13 174.3 16.3 45 157 306.5 183.9 48.0 48.0 3.83 
2S-4LI60-C 0.10 0.07 174.3 16.3 60 243 281.6 169.0 33.1 33.1 4.23 
2S-6LI60-C 0.10 0.11 174.3 16.3 60 162 297.7 178.6 42.7 42.7 3.64 
4S-7LV-C 0.17 0.13 174.3 16.3 90 114 315.2 189.1 6.8 6.8 0.56 
4S-4LI45-C 0.17 0.08 174.3 16.3 45 275 347.2 208.3 26.0 26.0 3.64 
4S-7LI45-C 0.17 0.13 174.3 16.3 45 157 356.4 213.8 31.6 31.6 2.52 
4S-4LI60-C 0.17 0.07 174.3 16.3 60 243 345.6 207.4 25.1 25.1 3.21 
4S-6LI60-C 0.17 0.11 174.3 16.3 60 162 362.3 217.4 35.1 35.1 2.99 
Se
rie
s 
D
 
(f c
m
 
=
 
59
.
4 
M
Pa
) 
3S-6LV-D 0.10 0.08 174.3 16.3 90 180 387.0 193.5 13.6 44.7 5.79 
3S-10LV-D 0.10 0.13 174.3 16.3 90 114 491.7 245.9 65.9 81.5 6.68 
3S-5LI45-D 0.10 0.08 174.3 16.3 45 275 492.1 246.1 66.1 81.7 11.42 
3S-9LI45-D 0.10 0.13 174.3 16.3 45 157 563.6 281.8 101.9 117.4 9.37 
3S-5LI60-D 0.10 0.07 174.3 16.3 60 243 497.9 249.0 69.0 84.6 10.82 
3S-8LI60-D 0.10 0.11 174.3 16.3 60 162 584.5 292.3 112.3 127.9 10.90 
3S-5LI45F1-D 0.10 0.08 174.3 16.3 45 275 531.4 265.7 85.8 85.8 11.99 
3S-5LI45F2-D) 0.10 0.08 174.3 16.3 45 275 490.6 245.3 65.4 80.9 11.31 
5S-5LI45-D 0.16 0.08 174.3 16.3 45 275 559.5 279.8 74.9 74.9 10.47 
5S-9LI45-D 0.16 0.13 174.3 16.3 45 157 627.5 313.8 108.9 108.9 8.69 
5S-5LI60-D 0.16 0.07 174.3 16.3 60 243 556.4 278.2 73.4 73.4 9.38 
5S-8LI60-D 0.16 0.11 174.3 16.3 60 162 654.6 327.3 122.5 122.5 10.44 
5S-5LI45F-D 0.16 0.08 174.3 16.3 45 275 611.9 306.0 101.1 101.1 14.13 
5S-5LI60F-D) 0.16 0.07 174.3 16.3 60 243 554.8 277.4 72.6 72.6 9.28 
(1) Values obtained considering the scenario A. (2) Values obtained considering the scenario B. 
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3.4 Influence of the concrete strength in the effectiveness of the NSM technique 
Five arrangements of NSM CFRP laminates were used in RC beams that were manufactured with 
different concrete compressive strength (fcm) at the age of beam tests: 39.7 MPa (series B), 18.6 MPa 
(series C), and 59.4 MPa (series D). Four of these configurations were applied in RC beams with a 
percentage of steel stirrups (ρsw) of 0.10% (series B, C and D) and in RC beams with ρsw = 0.16% 
(series D) or ρsw = 0.17% (series B and C). For these beams the values of the shear capacity 
contributed by the CFRP (Vf) according to the scenario B are represented graphically in Table 3, being 
visible the increase of the NSM effectiveness with the increase of the concrete strength. According to 
the values of Table 3, the average value of the Vf for NSM arrangements adopted in beams of series B 
(fcm = 39.7 MPa), C (fcm = 18.6 MPa) and D (fcm = 59.4 MPa) was 54.2 kN, 35.4 kN and 97.0 kN, 
respectively. Therefore, the average value of Vf obtained in series B and D was, respectively, 1.5 and 
2.7 times the average value of Vf of series C. 
 
Table 3: CFRP configurations applied in RC beams with three types of concrete. 
CFRP 
configuration 
ρsw                                     
[%] (1)
 
ρf                         
[%] 
θf         
[º] 
sf            
[mm] 
Sol. 1 Sol. 2a Sol. 2b Sol. 3a Sol. 3b Sol. 4a Sol. 4b Sol. 5a Sol. 5b
Séries B 57.5 53.4 42.7 49.6 43.5 70.7 64.0 54.4 51.7
Séries C 43.6 33.9 26.0 33.1 25.1 48.0 31.6 42.7 35.1
Séries D 81.5 81.7 74.9 84.6 73.4 117.4 108.9 127.9 122.5
0.0
20.0
40.0
60.0
80.0
100.0
120.0
140.0
V f
(k
N
)
Solution 1 0.10 0.13 90 114 
Solution 2a 0.10 
0.08 45 275 
Solution 2b 0.16 - 0.17 
Solution 3a 0.10 
0.07 60 243 
Solution 3b 0.16 - 0.17 
Solution 4a 0.10 
0.13 45 157 
Solution 4b 0.16 - 0.17 
Solution 5a 0.10 
0.11 60 162 
Solution 5b 0.16 - 0.17 
(1)
 ρsw = 0.16% for the beams of series D and ρsw = 0.17% for the beams of series B and C. 
 
Table 4: CFRP configurations applied in RC beams with two levels of the percentage of steel stirrups. 
CFRP 
configuration 
ρf 
[%] 
θf 
[º] 
sf 
[mm] 
Sol. 1 Sol. 2 Sol. 3 Sol. 4 Sol. 5 Sol. 6 Sol. 7 Sol. 8 Sol. 9 Sol. 10
Sol. 
11
Sol. 
12
Sol. 
13
Sol. 
14
Sol. 
15
Percentage of stirrups = 0.10% 20.2 57.5 53.4 70.7 49.6 54.4 43.6 33.9 48.0 33.1 42.7 81.7 117.4 84.6 127.9
Percentage of stirrups = 0.16%-0.17% 31.9 33.6 42.7 64.0 43.5 51.7 6.8 26.0 31.6 25.1 35.1 74.9 108.9 73.4 122.5
0.0
20.0
40.0
60.0
80.0
100.0
120.0
140.0
V f
 
(kN
)
Séries B (fcm = 39.7 MPa) Séries C (fcm = 18.6 MPa) Séries D (fcm = 59.4 MPa)
 
Solution 1 0.08 90 180 
Solution 2 0.13 90 114 
Solution 3 0.08 45 275 
Solution 4 0.13 45 157 
Solution 5 0.07 60 243 
Solution 6 0.11 60 162 
Solution 7 0.13 90 114 
Solution 8 0.08 45 275 
Solution 9 0.13 45 157 
Solution 10 0.07 60 243 
Solution 11 0.11 60 162 
Solution 12 0.08 45 275 
Solution 13 0.13 45 157 
Solution 14 0.07 60 243 
Solution 15 0.11 60 162 
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3.5 Influence of the percentage of existing steel stirrups in the effectiveness of the NSM 
technique 
To estimate the influence of the percentage of existing steel stirrups in the effectiveness of the NSM 
shear strengthening technique using CFRP laminates, fifteen arrangements of NSM CFRP laminates 
(see Table 4) were applied in RC beams with ρsw = 0.10% (series B, C and D) and in beams with ρsw = 
0.16% (series D) or ρsw = 0.17% (series B and C). For these beams the values of the shear capacity 
contributed by the CFRP (Vf) according to the scenario B are represented graphically in Table 4, being 
visible that the amount of existing steel stirrups plays a very important role on the effectiveness of the 
NSM shear strengthening technique with CFRP laminates. In fact, the effectiveness of the CFRP was 
higher in the beams with the lower percentage of steel stirrups analyzed (ρsw = 0.10%), regardless the 
concrete strength class of the tested beams. However, the level of the influence of the percentage of 
existing steel stirrups seems to be as larger as smaller is the concrete strength. 
 
3.6 Influence of the percentage and the orientation of the CFRP laminates in the effectiveness of 
NSM technique 
According to Fig. 6a, in general for each series of tested beams an increase of the percentage of CFRP 
(ρf) led to an increase of the beam’s shear resistance. However, it was verified (Fig. 6b) a tendency to 
the decrease of the level of the effectiveness of the CFRP with the increase of the percentage of the 
CFRP.  
 
In all the tested series of beams it was verified that, regardless the percentage of CFRP, the percentage 
of steel stirrups, and the concrete compressive strength, inclined laminates were more effective than 
vertical laminates in terms of increasing the stiffness, the maximum load, the deformation at failure, 
and the level of mobilization of the CFRP at failure of the beam. This is justified by the orientation of 
the shear failure crack that had a tendency to be almost orthogonal to the inclined laminates. 
Furthermore, for vertical laminates the total resisting bond length of the CFRP is lower than of the one 
observed for the case of inclined laminates. 
 
0.0
20.0
40.0
60.0
80.0
100.0
120.0
140.0
0.00 0.05 0.10 0.15 0.20
V f
 
 
(kN
)
ρf (%)
Series A (fcm = 31.1 MPa)
Series B (fcm = 39.7 MPa)
Series C (fcm = 18.6 MPa)
Series D (fcm = 59.4 MPa)
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0.00 0.05 0.10 0.15 0.20
ε f
e 
(‰
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a) b) 
Figure 6: Influence of the percentage of the CFRP in the effectiveness of the NSM shear 
strengthening technique using CFRP laminates. 
 
 
4. CONCLUSIONS 
The effectiveness of the NSM technique with CFRP laminates for the shear strengthening of RC 
beams with a certain percentage of existing steel stirrups was assessed by experimental research. From 
the obtained experimental results it can be concluded that: 
• The NSM shear strengthening technique with CFRP laminates is an effective technique for the shear 
strengthening of RC beams that contain a certain percentage of steel stirrups. The CFRP shear 
strengthening configurations provided an increase not only in terms of maximum load, but also in 
terms of load carrying capacity after shear crack formation. In general, the values of the deflection at 
the loaded section in correspondence to Fmax of the strengthened beams were higher than those 
occurred in the corresponding reference beams. 
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• Regardless of the percentage of CFRP, percentage of existing steel stirrups and concrete strength, it 
was verified that inclined laminates are more effective than vertical laminates. An increase of the 
percentage of CFRP led to an increase of the beam’s shear resistance. The increase of the percentage 
of existing steel stirrups has a detrimental effect on the NSM shear strengthening effectiveness. 
• The main difference of the behavior of NSM CFRP beams with and without pre-cracks resides in an 
expected loss of initial stiffness in the pre-cracked beams. However, the pre-cracking did not affect 
the efficacy of the NSM shear strengthening technique in terms of load carrying capacity and 
ultimate deflection. 
• The contribution of the NSM CFRP laminates for the beam shear resistance is limited by the 
concrete strength. In fact, this technique is more effective when applied to RC beams of high-
strength concrete, not only in terms of increasing the load carrying capacity of the beams, but also in 
assuring higher mobilization of the tensile properties of the CFRP. However, from the obtained 
results it can be concluded that the NSM shear strengthening technique with CFRP laminates is still 
effective in RC beams made by the lowest structural concrete strength class (fck ≅ 12MPa). 
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